In situ fatty acid synthesis has been measured with 3H20 in anaesthetised lean and obese Zucker (fa/fa) rats. The accumulation of fatty acids was increased in both the liver and adipose tissue of young fa/fa rats as a result of both an increased rate of lipogenesis and an increase in tissue mass. Whereas total hepatic lipogenesis increased with age, total adipose tissue lipogenesis decreased in older fa/ fa rats. Experiments with hepatectomized rats showed that the liver was the major site of the excess fatty acid synthesis in fa/fa rats. The enhanced rate of lipogenesis in fa/fa rats was abolished by either pairfeeding or streptozotocin treatment. The results suggest that the increased fatty acid synthesis in fa/fa rats is secondary to the hyperphagia, hpyerinsulinaemia, and increased mass of hepatic and adipose tissues.
The genetically obese Zucker fatty rat (fa/fa) deposits excessive quantities of fat in both subcutaneous and intraperitoneal fat stores [1, 2] . However, little is known of the relative importance of adipose tissue and liver in situ in the synthesis of this excess lipid. A number of lipogenic enzymes have increased activity in both the liver and adipose tissue of fa/fa rats fed ad libitum [3, 4, 5] , although food restriction reduces these activities towards normal [3, 6] . From in vitro studies, adipose tissue lipogenesis is known to be elevated in young fa/fa rats [7] but normal in older fa/fa rats when insulin resistance has increased [8] . Recent reports have suggested that hepatic lipogenesis may also be increased in fa/fa rats [6, 9] .
Our studies using a 3H20 marker and isolated hepatocytes have shown that the liver of fa/fa rats has a greatly increased capacity for fatty acid synthesis [10] , but has a normal profile of substrate incorporation into fatty acids [11] . Hems et al [12] have shown from in situ studies that the adipose tissue is the major site of excess fatty acid synthesis in the obese ob/ob mouse. This paper reports similar in situ studies on young (4-5 week) and older (13 week) fa/ fa rats.
Material and Methods

Animals
The female obese (fa/fa) rats and their lean littermates (+/?) used in these studies were from the Southampton colony. All animals were housed at a constant temperature (22 ~ C) in a controlled lightdark cycle . Food was provided ad libitum except where stated in the text. In some experiments, fa/fa rats were pair-fed to the food intake of their lean littermates by providing each fa/ fa rat with the quantity of food eaten on the previous day by its lean littermate control. All pair-fed animals were fed from 0900 to 1300h to prevent any complications that might have arisen from differences in feeding pattern. In these animals, lipogenesis was studied two hours after the beginning of the feeding period.
Diabetes was induced by IV injection of a freshly prepared solution of streptozotocin (a gift from Upjohn Co. Ltd) 65 mg/kg in citrate buffer, (0.05 tool/l) pH 4.3. Fatty acid synthesis was measured 8 days later. All streptozotocin-treated rats had a reduced rate of weight gain (Table 5) had glucose permanently present in the urine (Clinistix) and serum insulin was markedly reduced (see Table 5 ). In some experiments, it was necessary to isolate the liver from the circulation. This was effected by ligaturing both the hepatic portal vein and hepatic artery [13] . Ligatures were placed around these vessels in control animals but not secured. Fatty acid synthesis was measured immediately after these operative procedures.
Fatty Acid Synthesis
The method of Lowenstein [14] utilizing the incorporation of 3H20 into fatty acids was followed. Rats were anaesthetised with 60 mg/kg nembutal and remained anaesthetised throughout the experimental period. 4 mCi 3H20 in 9 g/1 saline (Radiochemical Centre, Amersham, England) was injected into the tail vein. After one hour, a blood sample was obtained by cardiac puncture for estimation of serum 3H20 specific activity. The liver, perimetrial and hind limb subcutaneous fat pads were dissected free, weighed and then homogenized in chloroform: methanol (2 : 1, V/V) for extraction of lipids [15[ . An aliquot of the lipid extract was saponified with 1.0 mol/1 KOH in 95% (V/V) methanol. After extraction of sterols, the lipid extract was acidified and fatty acids were then extracted into petroleum ether : ether (1 : 1, V/V). An aliquot of the fatty acid extract was evaporated to dryness in the presence of benzene : methanol (1 : 1, V/V), and radioactivity measured in a Philipps scintillation counter after addition of Tritoscint scintillation fluid. (Xylene, 21; Synperonic NXP 11 (Cargo fleet Chemical Co., Stockton on Tees), PPO 12 g; dimethyl POPOP 0.9 g (KochLight) ). The separative procedures were checked by thin layer chromatography. Serum lipids were separated and saponified by the same method, but all samples were then run on thin-layer chromatography before measurement of radioactivity.
Specific Activity of Tissue Water
Rats were sacrificed at varying times after injection of 4 mCi 3H20. Weighed samples of liver, perimetrial and hind limb subcutaneous fat were homogenized in saline (0.15 mol/1). The aqueous extract was lyophilized, the water collected and 3H content assayed by scintillation counting. A second sample of each tissue was dried at 90 ~ C to ascertain total tissue water content from which the specific activity of tissue water was calculated. The half-life of serum triglyceride was measured after injection of Intralipid by the method described by Hems et al [12] .
Expression of Results
The rates of fatty acid synthesis are expressed as ~tmol of fatty acid synthesized. This was calculated as dpm 3H in fatty acid [16, 17] . spee. act. 3H20 (dpm/~tg atom H) X 13.3
Insulin was measured by a radioimmunoassay procedure (Radiochemical Centre, Amersham, England) utilizing a rat insulin standard (Novo Labs, Denmark). The assay was sensitive down to 6.25 gU/ ml and had a precision of 8% (standard error as percentage of mean value for 10 estimates of a single sample).
Results
The calculation of fatty acid synthesis after IV injection of 3H20 assumes that the tissue water pool instantly attains the specific activity of serum water. Figure 1 shows that this assumption was not correct. After a very rapid initial exchange, tissue water of both the liver and adipose tissue only slowly approached the specific activity of serum. However, the time course for all three tissues in both animals was very similar. Hence, the qualitative interpretation of the results is valid although the quantitative values (calculated from the serum specific activity at 1 hour) will be artificially low.
The rates of fatty acid synthesis in liver and two adipose sites in lean and fa/fa rats fed ad libitum are given in Table 1 . At 5 weeks of age, the rate of fatty acid synthesis in all three tissues of fa/fa rats was approximately ten-fold greater than in the lean controls. With increasing age, the rates of hepatic fatty acid synthesis increased in lean mice while adipose tissue lipogenesis remained constant. In contrast, fatty acid synthesis in adipose tissue of fa/fa rats had fallen dramatically by 13 weeks while hepatic lipogenesis was increased two-fold as compared to five week fa/fa rats. Serum insulin was increased in fa/fa rats at 5 weeks, and increased further by 13 weeks.
As both the liver and adipose tissue pads were heavier in all fa/fa rats, the true increase in total lipogenesis in fa/fa rats was even greater than that suggested by the differences in rate of fatty acid synthesis in Table 1 . Even so, despite an increase in tissue weights, total fatty acid synthesis in both adipose depots fell with increasing age in fa/fa rats. The ratio of total fatty acid synthesised in liver and adipose tissue: (L:AT) was lower in fa/fa rats at 5 weeks but had increased to a value above that of lean rats by 13 weeks.
Since the 3H-fatty acids extracted in adipose tissue could represent either de novo synthesis or fatty acids synthesized in the liver and subsequently transported to the adipose tissue during the time of the experiment, it was necessary to obtain some indication of the size of this hepatic contribution to adipose tissue 3H-fatty acids. The experiments were repeated in 'hepatectomized' rats. In such animals (Table 3) , there was no significant incorporation of 3H into hepatic lipids. Whereas the accumulation of 3H-fatty acid was similar in adipose tissue of lean control and 'hepatectomised' rats, 80-90% of the 3H fatty acid in adipose tissue of fa/fa rats was lost following 'hepatectomy', suggesting that hepatic secretion of 3H-fatty acids was a major source of the adipose tissue label. Both serum glucose and insulin were reduced by the method of 'hepatectomy' used to a similar degree in lean and fa/fa rats.
Although no significant 3H triglyceride fatty acids were observed in the serum of lean rats during the experimental time course (Fig. 2) , the serum trigly- Fig. 3 . Diurnal variation of lipogenesis in 6 week old lean and obese fa/fa rats. Lipogenesis in fa/fa (A) and lean (B) rats allowed free access to food was measured by the incorporation of 3H20 into hepatic (O, Q) and subcutaneous fat (A, A). Values for perirnetrial adipose tissue did not differ from subcutaneous fat and have been omitted. Three animals were used at each time ceride of fa/fa rats was rapidly labelled and reached a plateau by 45-60 min. Further, the half-life of serum triglyceride, as measured by the fall of triglyceride after injection of Intralipid, was only 6.6 • 0.4 min in fa/fa rats as compared to 11.5 • 0.5 min in lean rats. All these experiments were performed between 10.00 and 11.00 hours each day. Since the rat is nocturnal, it was interesting to study the diurnal variation in fatty acid synthesis (Fig. 3) . As expected, both hepatic and adipose tissue fatty acid synthesis were greater in both lean and obese fa/fa rats during the dark period, although there was some divergence as to the actual time of peak lipogenesis. It is quite possible that peak lipogenesis may have occurred in both tissues at some time between the measurements at 2200 and 0400 hours. Since lipogenesis is extremely sensitive to both the level of food intake and to circulating insulin, the next experiments were designed to investigate the importance of these two variables to the increase in lipogenesis. Table 4 shows the rate of lipogenesis of fa/fa rats pair-fed to lean rats for 14 days from 4 weeks of age. A meal feeding regime (4 hours daily) was used in these studies to prevent differences in feeding pattern. Animals were injected with 3H20 2 hours after the beginning of feeding. Under these conditions both the serum insulin and the synthesis of fatty acid in all three sites were greatly enhanced in the lean rats (cf. Table 4 with Table 1 ). The serum insulin of fa/fa rats was not significantly different from the lean rats three hours after the beginning of the feeding period. Furthermore, the rates of fatty acid synthesis in pair-fed fa/fa rats was reduced to or slightly below those rates seen in the lean rats. Nevertheless, the total synthesis of fatty acid remained higher in the fa/fa rats because of the increased tissue sizes.
Streptozotocin treatment of weanling fa/fa rats reduced the serum insulin level below that of ad libitum fed lean rats at both 5 and 13 weeks (Table  5) . Hepatic fatty acid synthesis of streptozotocintreated fa/fa rats was less than that in lean control rats. Similarly, the accumulation of 3H-fatty acids in a P, M. -perimetrial fat; S, C. -subcutaneous fat. Lipogenesis was measured 8 days after streptozotocin treatment. Lean control and fa/ fa control data is identical to that in Table 1 . There were 6 animals in each group. Weight gain is that change between streptozotocin treatment and sacrifice at day 8 b p < 0.01 compared to lean control group ~ p < 0,001 compared to lean control group p < 0.01 compared to fa/fa control e p < 0.001 compared to fa/fa control the two adipose depots was drastically reduced after streptozotocin treatment toward the values seen in the lean controls.
Discussion
The 3H20 method for assay of lipogenesis is preferable to the use of 14C-labelled substrates because of the problems that might result from differing pool sizes between different groups of animals and variations of pool size during the course of an experiment. Furthermore, recent observations have shown that glucose does not provide a major source of carbon for hepatic lipogenesis in the rat [12, 18, 19] . We have recently confirmed this observation in isolated hepatocytes of fatty rats in which lactate is a major substrate for fatty acid synthesis [11] . Hence, a number of earlier observations made using 14C-labelled substrates require re-evaluation [6, 20] . However, the quantitative estimation of fatty acid synthesis by the 3H20 method assumes that the tissue marker rapidly equilibrates with the serum water to attain identical specific activities. Since it required 45-60 min for this equilibration, despite IV injection of 3H20 , the values for lipogenesis will be an underestimate of the true rates. However, a valid indication of the differences in lipogenesis between tissue sites and between animals is provided by this method since the rate of increase in tissue water specific activity was very similar in all three tissues in both animals. The rates of fatty acid synthesis observed in lean rats were very similar to other published values in situ and in peffused livers [14, 16, 17] .
Although the reported experiments were performed on anaesthetised rats, they clearly demonstrate the importance of the liver as a major site of fatty acid synthesis in the rat. Assuming that the fat depots investigated represent approximately one half of the total discrete adipose tissue stores, the ratio of lipogenesis in the liver and adipose tissue (L:AT) at 10.00 hours of lean rats becomes 3.7 at 5 weeks and falls to 3.0 at 13 weeks. Little transfer of 3H-fatty acid from the liver to adipose tissue was observed in lean rats during the time course of the experiments (see Table 3 and Fig. 2 ). These L: AT ratios are indicative of the predominant role that the liver plays in fatty acid synthesis in the rat. A similar conclusion has been reported for the lean mouse [12] .
These reported studies would further suggest that the liver is primarily responsible for the excess fatty acid synthesis in both young (5 week) and mature (13 week) fa/fa rats. This conclusion results from the following observations. Although the L:AT ratio for fatty acid synthesis at 10.00 hours in 5 week fa/fa rats was only 2.0 (approximately 1.0 if it is assumed that only 50% of the adipose stores were analysed), the experiment with 'hepatectomized' rats indicated that the majority of the adipose tissue 3H-fatty acid had initially been synthesized in the liver. This conclusion is supported by the very rapid appearance of 3H-fatty acid in serum triglyceride in fa/fa rats and by the increase in turnover rate of serum triglyceride. After addition of this transported 3H-fatty acid fraction to the hepatic 3H-fatty acid, the L:AT ratio for fatty acid synthesis in 5 week fa/fa rats rises to 26. In quantitative terms, this represents a nine-fold increase in total hepatic lipogenesis in fa/fa rats, as a result of both the increased rate (per gram) and the increase in liver size. These results confirm the suggestions made from studies of lipoprotein secretion [9, 21] and from 14C-acetate incorporation into tissue lipid [6] and from isolated hepatocyte studies [10, 11] that the liver is the major site of the extra lipogenesis in fa/fa rats. Thus, the fa/fa rat clearly differs from the ob/ob mouse in which the adipose tissue is responsible for the major proportion of the excess lipogenesis [12] . It is possible that the low accumulation of 3H-fatty acid adipose tissue of fa/fa rats could partly be due to the fall in serum insulin and glucose levels during the experiment. However, similar falls in these variables in lean rats did not affect adipose tissue fatty acid synthesis during the 1 hour time course of the experiment.
Despite the dominance of hepatic lipogenesis, fatty acid synthesis in adipose tissue of fa/fa rats was also increased in young animals in confirmation of previous in vitro experimental reports [3, 7, 8, 22] . Whereas the total fatty acid synthesised by adipose tissue increased with age in lean mice, it fell in fa/fa rats despite both an increasing serum insulin level and an increased tissue mass. This indicates that the fall in the rate of fatty acid synthesis (~moles/gram tissue) in older fatty rats could not be attributed merely to the increased storage of triglycerides. From previous in vitro experiments, it was suggested that this fall in fatty acid synthesis might be attributable to the increasing insulin insensitivity of the adipose tissue of the fa/fa rats [7, 8, 23] . No such insensitivity was apparent in the liver of fa/fa rats.
It is possible from the available data on the diurnal variation in lipogenesis to calculate an approximate value for the total daily synthesis of fatty acids in these rats. At five weeks in lean rats this amounts to 763 ~tmol (-0.20 g fatty acid) and in fa/fa rats to 9018 ~tmol (-2.38 g fatty acids). The fa/fa rat fed ad libitum may deposit fat at the rate of 2.7 g/day at this age with an excess storage of 2.3 g/d when compared to lean littermates [24] . Thus, the calculated values, which do not allow for the catabolism of newly synthesized fatty acids, agree well with the rate of growth of the fatty rat.
Since the fa/fa rat is both hyperphagic and hyperinsulinaemic [2, 23, 25, 26] the excessive lipogenesis in fa/fa rats could be a result of these changes [2, 17, 18, 26] , or be an independent primary expression of the gene defect. This latter suggestion would seem appropriate since an increase in body fat has been reported to occur prior to a detectable rise in insulin, the increase in food intake, or the decrease in activity [26, 27] . However, the demonstration that fatty acid synthesis (per gram tissue) in both liver and adipose tissue and serum insulin of fa/fa rats were close to the levels in lean rats pair-fed on an identical meal eating regime suggests that the excess lipogenesis in fa/fa rats is secondary to the hyperphagia, hyperinsulinaemia and increased tissue mass. This conclusion was further supported by the suppression of lipogenesis in streptozotocin treated fa/fa rats, but differs from that presented by Martin [6] who found that hepatic lipogenesis of pair-fed fa/fa rats was twice that of lean controls. The explanation of this difference may reside either in his use of much older fa/fa rats or of 14C-acetate as a marker for lipogenesis. Further we have recently shown that the increase in hepatic lipogenesis in fatty rats does not occur until after weaning and may be prevented by delaying weaning. However body fat is already increased by that age, while body temperature is depressed suggesting that a defective thermogenesis may be the basis of the obesity in fa/fa rats (Godbole, Bloxham and York, unpublished observations).
